Abstract: Most organisms contain multiple soluble protein-based redox carriers such as members of the ferredoxin (Fd) family, that contain one or more iron-sulfur clusters. The potential redundancy of Fd proteins is poorly understood, particularly in connection to the ability of Fd proteins to deliver reducing equivalents to members of the "radical SAM," or S-adenosylmethionine radical enzyme (ARE) superfamily, where the activity of all known AREs requires that an essential iron-sulfur cluster bound by the enzyme be reduced to the catalytically relevant [Fe 4 S 4 ] 1+ oxidation state. As it is still unclear whether a single Fd in a given organism is specific to individual redox partners, we have examined the five Fd proteins found within Thermotoga maritima via direct electrochemistry, to compare them in a side-by-side fashion for the first time. While a single [Fe 4 S 4 ]-cluster bearing Fd (TM0927) has a potential of −420 mV, the other four 2x[Fe 4 S 4 ]-bearing Fds (TM1175, TM1289, TM1533, and TM1815) have potentials that vary significantly, including cases where the two clusters of the same Fd are essentially coincident (e.g., TM1175) and those where the potentials are well separate (TM1815).
Introduction
Ferredoxins are ubiquitous iron-sulfur cluster containing proteins that are often thought as playing essential roles as redox-relays. 1 While associated with the fermentative chemistry of anaerobic organisms, 2 ferredoxin (Fd) proteins are now found in many essential biochemical pathways. 1 Any given organism that contains at least one Fd tends to contain multiple Fd proteins, although the specific biological chemistry of these proteins is often unclear. In a similar way, Fds have been shown to support the required step of electron delivery required by the AdoMet radical enzyme (ARE) superfamily. Each member of the family contains at least one [4Fe-4S] cluster, and canonical activity of the ARE superfamily includes reduction of the [4Fe-4S] 2+ state to a 1+ oxidation state in order to reductively cleave AdoMet, generating a powerful 5 0 -dA• radical species that then participates in further chemistry. [3] [4] [5] As AREs are widely distributed in bacterial and archaeal organisms, 4 the potential native electron donors are also diverse, including flavodoxins and Fds. Fds are often invoked as a potential electron donor in this case, on the basis of redox potential, which can be often found in the literature as an un-measured quantity, but approximated to $ −400 mV, where it is often assumed that various Fd proteins are equivalent to one another. The ARE superfamily illustrates how the same electron donor may have variable successes in supporting enzymatic catalysis: pyruvate formate-lyase activating enzyme (PFL-AE) from Escherichia coli, for example, has been successful reduced by E. coli flavodoxin, 6 as has the activase for the anaerobic ribonucleotide reductase, 7-9 biotin synthase, 10 lipoyl synthase, 11 and RlmN 12 by supplying reducing equivalents from NADPH via ferredoxin (flavodoxin): NADP+ reductase. Yet, in the case of AREs of the methylthiotransferase (MTTase) subfamily, MiaB and RimO, only poor catalytic properties could be observed using flavodoxin or Fd. [13] [14] [15] [16] In our related paper, 17 we have demonstrated that in terms of potential native electron donors for AREs in Thermotoga maritima, there are five candidate Fds, but no flavodoxins. In this context, we have realized that T. maritima provides an opportunity to examine the redox potentials of all five single-domain Fd proteins in a comparative fashion, in hopes of rationalizing the reactivity of Fd in support of MiaB based catalysis. The Fds of T. maritima include TM0927, which is known to possess a single [4Fe-4S] cluster, and which has been crystallographically characterized. 18 The other four (TM1175, TM1289, TM1533, and TM1815) are all predicted contain two [4Fe-4S] clusters (2x[4Fe-4S] Fds) with unknown redox potentials, and no structural data. 17 In our related work, 17 we found that all five of the potential candidate Fds proteins are variably successful at supporting the MTTase chemistry of MiaB, where the single-cluster bearing TM0927 was generally most proficient, and that the majority of the 2-cluster Fds were noticeably worse, with one exception being TM1175. 17 While the apparent kinetics and yield of methylthiolation depended upon the identity of the Fd in question, there appeared to be a correlation between the support of MiaB activity and those Fds that could be readily reduced by either an external NADPH-supported reductase system or by direct prereduction with dithionite. Here, we pursue the question of the importance of the redox characteristics of these ferredoxin proteins by directly assessing their redox potentials and the temperature and protondependencies thereof, illuminating the requisite Fd traits that can be required to support catalytic systems of varying thermodynamic needs.
Results

Protein film electrochemistry
As described in the related manuscript, five ferredoxins were identified in Tm and characterized to determine their ability to serve as the native electron donor for MiaB (as described previously). 17 To Fig. 2(A) ]. Following the established naming convention for clusters in 2 [4Fe-4S] Fds, the cluster with the higher potential is cluster A. Here, across a range of scan rates, the magnitude of the signal for cluster A is larger than that for cluster B. This is unexpected, as the electroactive coverage for the clusters should be the same presuming that the cluster loading of each site is identical. TM1289 also contains two [4Fe-4S] clusters; however, here the clusters have a larger separation in potential and display reversible peaks at −380 and − 560 mV [ Fig. 2(B) ]. Both of these peaks are consistent with one-electron centers with peak widths at half height of~110 mV for both clusters.
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TM1533 and TM1815 display unusually low potentials for a 2 [4Fe-4S] Fd. Cluster A of TM1533 has a midpoint potential of −415 mV and Cluster B is very low in potential at −710 mV [ Fig. 3(A) ]. Similarly, Cluster A of TM1815 has a reduction potential of −320 mV and Cluster B has an unusually low potential of −725 mV [ Fig. 3(B) ]. For both clusters in TM1533 and TM1815, the features are representative of one-electron centers as the peak-width at half height are~100 mV, consistent with a one electron process. Potentials in this range have only been Temperature dependence of reduction potentials
As T. maritima is a hyperthermophile, the impact of temperature on the reduction potential was examined. (D) is the Gibbs-Helmholtz plot giving H rc of −24.5 kJ/mol. Cluster B of TM1289 does not exhibit a discernible temperature dependence, with midpoint potentials of −560 AE 3 mV over the entire temperature range examined. Only TM0927 and TM1289 had films stable enough at elevated temperatures to allow for this analysis. Even when a new film was generated for each temperature with TM1175, TM1533, and TM1815, signals were not observed for temperatures >30 C, indicating rapid desorption.
Proton-coupled electron transfer with protein film voltammetry
The possibility of proton-coupled electron transfer for these ferredoxins was investigated by monitoring the midpoint potentials over a pH range of 4-10. Based on electrochemical theory, the pH-dependence for a one-electron: one-proton process would be −56 mV/pH unit at 10 C. None of the T. maritima Fds studied exhibits a slope consistent with proton coupled electron transfer. Very modest, essentially pH invariant slopes of −6 mV/pH unit to −13 mV/pH unit were observed for the FeS clusters in TM0927, TM1289, and TM1815 (data not shown). While cluster A of TM1175 has a modest slope of −6 mV/pH unit, Cluster B displays a slope of −31 mV/pH unit ( Fig. 5 ) due to closely spaced values of pK ox (6.4) and pK red (7.3).
Discussion
Tuning Fd redox potentials by alterations of sequence
The monocluster [4Fe-4S] ferredoxin from Thermotoga maritima, TM0927, was examined with protein film electrochemistry and was determined to have a reduction potential of −420 mV ( Fig. 1 ). This is slightly lower in potential than a previous study, which measured a potential of −388 mV using differential pulse voltammetry. 21 Fig. 6 ). This insertion is believed to impart the unique low potential of~−650 mV observed for these Fds, resulting in an~200 mV difference in reduction potential between the two clusters. 34 Just as the T. maritima 2x[4Fe-4S] Fds do not appear be like the clostridal Fds, they also do not contain the six amino acid insertion in the second cluster-binding motif.
The Fig. 2(A) ]. Unexpectedly, in all scans the signal observed for Cluster A is larger than that of Cluster B, despite both centers being one electron centers, which should have equal coverage. This behavior could be due to the orientation of the protein on the electrode, with Cluster A positioned closer to the electrode, as the non-covalent adsorption of TM1175 to the electrode results in a distribution of orientations. TM1175 shares 49% and 45% sequence identity with the Fds from Clostridium pasteurianum and Chlorobium tepidum (Ct). In comparison with these Fds, TM1175 seem contains more positively charged residues (shown in orange in Fig. 6 ), particularly close to the cluster binding motifs, which may help stabilize the negative charge on the clusters. At the same time, TM1175 also contains more hydrophobic residues (such as an extra Phe that sits in the second cluster binding motif (bold)) which are believed to be responsible for lower reduction potentials of FeS clusters. Previous reports have indicated that the residue before the final cysteine of the binding motif is important for tuning the potential, with bulky, hydrophobic residues resulting in lower potentials. [34] [35] [36] [37] For the two cluster-binding motifs in TM1175, the residues are Phe and Ile (also in bold), in contrast to the glutamic acid and valine for the motifs in both CpFd and CtFd. These bulkier, hydrophobic residues likely contribute to the lower potential (−495 mV) measured for TM1175. The two clusters of TM1289 display reduction potentials similar to those of Alvin-like Fds (−380 mV and − 560 mV), despite lacking the six amino acid insertion in the second cluster-binding motif (red in Fig. 6 ). Similar to TM1175, TM1289 also has more/bulkier hydrophobic residues and more positively charged residues than the clostridial Fds, notably a series of basic residues (largely Arg, navy in Fig. 6 ). Again, the presence of the positively charged residues may contribute to the low potential (−560 mV) measured by stabilizing the oxidized state. The final amino acid before the fourth cysteine of the binding motifs for the first and second clusters are a gain hydrophobic, Val and Ala, additionally contributing to the low potential for cluster B. TM1533 and TM1815 also reveals unusually low potentials for the 2[4Fe-4S] Fds. TM1533 displays potentials of −415 mV and − 710 mV with peak widths at half height of~100 mV, consistent with 2 one-electron centers [ Fig. 3(A) ]. TM1533 does not contain the Alvin-type six amino acid insertion in the second cluster-binding motif, which could account for the −710 mV potential of cluster B. However, TM1533 does feature a binding motif with three inserted amino acids, which may shield the cluster, resulting in the low potential.
Similar to TM1533, TM1815 has a higher potential cluster [−315 mV, Fig. 3(B) ], but also a cluster of very low redox potential, −725 mV. All electrochemical features are consistent with one-electron redox couples, but the lower potential feature is the lowest potential reported for a 2x[4Fe-4S] Fd to date. Despite having unusual electrochemical properties, TM1815 shares 41% sequence identity with CpFd. One distinct feature is that the first binding motif in TM1815 features the canonical proline residue replaced with a glycine (see the absence of the yellow highlight in Fig. 6 ). Proline replacement has only been observed for a few sequences of bacterial ferredoxins, including Desulfovibrio africanus FdIII, D. vulgaris Miyazaki Fd, and Rhodobacter capsulatus FdI. [38] [39] [40] Previous studies on CpFd have examined the impact of the proline residue on the reduction potential of the cluster and found that when changed to lysine, asparagine, methionine, threonine, or lysine, the potential shifted by no more than 20 mV, indicating that while this residue does affect the potential, it likely is not a major contributor to tuning the potential.
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In further examining the sequences of 2x[4Fe-4S] Tm Fds, TM1175, TM1533, and TM1815 all have non-canonical binding motifs with additional amino acids inserted in the cluster-binding motifs. The impact of inserted amino acids in the cluster-binding motif has been previously assessed for Rhodobacter capsulatus (Rc) FdI (FdxN) involved in the nitrogen fixation pathway. Rc FdI is an Alvin-type 2[4Fe-4S] Fd, containing a six amino acid insertion in the cluster binding motif. For the native protein, both clusters exhibited redox potentials of −490 mV, but when the eight amino acid sequence was changed to glycine and alanine to give the more conventional two amino acid length loop, the potential for one of the clusters shifted positive in potential to −430 mV (a shift of + 60 mV). Along with structural modeling, it was proposed that the inserted amino acids form a loopout region, which shields the cluster, thus lowering the potential. 41 The amino acids inserted in the cluster-binding motifs for these proteins likely are not solely responsible for the redox properties observed, as TM1289 has the canonical Cp Fd binding motifs, but still displays unusual redox properties. However, the cluster-binding motifs for these proteins contain more, and bulkier, hydrophobic residues, which may act to prevent surface accessibility to the clusters, resulting in the lower reduction potential. Additionally, the N-terminal and C-terminal extensions found in the Tm Fds may further shield the clusters; however, further structural analysis is required for this conclusion.
To further examine the sequence and structure of these low potential Fds, threading models of TM1175, TM1289, TM1533, and TM1815 were constructed (see Fig. 6, Ref. 17) . While such models can be useful for illustrating the localization of Table II 
This Study hydrophobic residues, the N-and C-termini of the T. maritima Fds differ with respect to most search models, and the models do not accurately depict the immediate environment around both clusters. For example, CpFd can be used as the basis for a threaded model, but it is only 50 amino acids long, where homology exists only in the middle of the TM1815 sequence (Fig. 6) . Table II In terms of the native electron donor for MiaB, all of the ferredoxins from T. maritima examined contain at least one cluster with a potential capable of reducing MiaB, based on the potentials for the clusters in Bt MiaB (−390, −450 mV) determined previously.
Temperature dependence of reduction potentials
As T. maritima is a hyperthermophilic organism with a growth optimum of~80 C, the temperature dependence of the reduction potential for the ferredoxins was investigated. Only TM0927 and TM1289 were suitable for this analysis; TM1175, TM1533, and TM1815, all had films that were unstable at elevated temperatures, preventing measurement of the reduction potentials. TM0927 and TM1289 both showed a decrease in reduction potential as the temperature increased (Fig. 4) . TM0927 displayed temperature dependence up to 40 C. In contrast, only Cluster A of TM1289 shows clear temperature dependence. The slope of these plots can be used to determine the entropic component of the redox reaction. For TM0927, the S rc is −67.7 J/mol K, whereas the value for Cluster A of TM1289 is −42.8 J/mol K. These relatively large negative entropy values could be attributed to conformation and/or solvation effects, as seen as a more rigid reduced protein or charge neutralization in reduced protein with more ordered waters.
Proton coupled electron transfer with protein film voltammetry PFV was used to examine whether the Fds from T. maritima display proton-coupled electron transfer. The clusters in TM0927, TM1289, and TM1815 all were essentially pH invariant with very modest slopes of −6 mV/pH to −13 mV/pH unit over a range of pH 4-10. These are much less than the slope of −56 mV/pH unit expected for a one-proton: oneelectron coupled process (at 10 C). Cluster A of TM1175 also displays a modest slope of −6 mV/pH unit; however, Cluster B has a slope of −31 mV/pH unit across physiological pH (Fig. 5) . Currently, the significance of the slope for cluster B is not clear; it may be attributed to protonation events further away, and is evocative of BtrN, another ARE that bears a proton-dependent [4Fe-4S] 2+/1+ redox couple, though in the case of BtrN the cluster is the AdoMetbinding active site cluster. 20 Cluster A of TM1533 displayed modest pH-dependence of −12 mV/pH unit, indicating that it is not coupled to a proton. However, Cluster B showed more complicated pH-dependence data: the reversibility of the signal is dependent on scan rate and pH (data not shown). At slow scan rates, the voltammetry appears reversible due to the protonation and deprotonation occurring on the timescale of the potential sweep. As the scan rate increases at low pH, the oxidation peak of Cluster B becomes less defined and disappears as the cluster is trapped in the protonated form. This phenomenon has been extensively studied in the case of Azotobacter vinelandii FdI, where rates could be measured and an aspartic acid residue was identified as being important in the proton gating observed. 44 Unfortunately, the overall low electroactive coverage displayed here prevents the further comparable 'fastscan' analysis in order to determine the rates and site of protonation for Cluster B of TM1533. that new efforts in proteomics or transcriptomics may be necessary to address the biological function of these diverse electron carriers.
Attempts to reconcile biochemical function
Conclusion
In our preceding work, we had observed that only two of the Fd proteins of Tm substantially support the catalysis of the native Tm MiaB enzyme, the singlecluster bearing TM0927 and to a lesser degree, the two-cluster bearing TM1175. Here, we have found that on the basis of thermodynamics alone, each of the Fd protein from Tm should be reduced by any of the reducing systems used previously, at least to the extent of a single cluster being reduced. Thus, it is clear that additional factors of kinetic reactivity with a reducing system must be at work (whether based on dithionite or flavodoxin/ferredoxin reductase), and are yet to be elucidated. However, these studies set the stage for further inquiry into the specificity of Fd proteins as redox carriers sought after in key biological pathways.
Materials and Methods
Protein film voltammetry
Experiments were performed anaerobically in an MBraun Labmaster glovebox using a PGSTAT 12 potentiostat (EcoChemie). A three-electrode configuration was used with a standard calomel reference electrode, a platinum wire counter electrode, and a pyrolytic graphite edge (PGE) working electrode in a water-jacketed glass cell. The electrochemical cell was thermostated using a circulating water bath and the reference electrode was maintained at room temperature in the course of the experiments. Potentials reported are relative to the standard hydrogen electrode. Baseline measurements were collected using the PGE electrode polished with 1 M alumina, rinsed, and placed into the cell containing a 10 C mixed buffer solution composed of 10 mM MES, CHES, TAPS, HEPES, at pH 8.0 with 200 mM NaCl. A 3 L sample of protein (ranging in concentration from 196 M to 1.135 mM) was applied directly to the polished PGE electrode surface, the protein sample was removed after 3 min, and the electrode was immediately placed back into the cell solution. Nonturnover electrochemical signals were analyzed by correction of the non-Faradaic component of the current from the raw data using the SOAS package.
Temperature dependence of the reduction potential
The entropic component of the redox reaction was determined using the slope of a plot of E m versus T (S rc = nF(dE m /dT)). The data were collected using a cell where the reference calomel electrode was maintained at a constant temperature (293 AE 0.5 K), while the cell containing the working electrode was varied. The enthalpic component was similarly determined by a Gibbs-Helmholtz plot (E m /T vs. 1/T). Proton-coupled electron transfer with protein film voltammetry. For measuring pH dependent voltammetry, the above buffer system was used, with the buffer pH adjusted with dilute KOH or HCl as needed.
